




4.0 m. Concentrations of the cosmogenic radio-
nuclide 60Co in three fragments—SM18, SM36
(table S20A), and SM43—and model calculations
(23) confirm that the asteroid’s pre-atmospheric
size was >0.9 m. The fireball’s peak luminosity
(–18 to –20 magnitude) at the first broad maxi-
mum suggests a size of 1.8 to 3.5 m.

Textural and compositional variety. Because
of its large size, SM provides insight into the
variety of materials present at the surface of its
parent body. Individual SM meteorites have
differing magnetic susceptibilities (c in 10−9

m3/kg). Ten different stones (table S4) suggest a
bimodal distribution clustering around log10c =
4.03 and 4.26. The primary magnetic mineral is
magnetite (Fe3O4), with concentrations of 2.0
and 3.3 weight % (wt %), respectively. These
magnetite concentrations are intermediate be-
tween typical CM2s (~1 wt %) and magnetite-rich
C2s or anomalous CMs (>6 wt %) (24). SM2 has
a stable natural remnant magnetization, probably
extraterrestrial in origin, corresponding to a mag-
netic field paleointensity of ~3 mT, comparable
to other carbonaceous chondrites (25).

SM is a regolith breccia. Like all CM chondrites
(26), SM contains Ne from solar wind implantation
in a surface regolith (fig. S27). Unlike most other
CM chondrites, the brecciated nature of that regolith
is evident: SM2, 18, 47, 48, 51, and 54 contain an-
gular to rounded clasts embedded in a fine-grained
comminuted matrix seen visually (Fig. 2A), by
x-ray and backscattered electron mapping (Fig. 2B
and fig. S13), and by x-ray and neutron com-
puted tomography (figs. S28 and S30).

The classification of SM as a CM chondrite is
confirmed bywhole-rock chemistry (Fig. 3) and by
O (Fig. 4 and fig. S21), Os (supplementary text
S2.6), and Cr (supplementary text S2.7) isotopic
compositions. The Os isotopic compositions and
highly siderophile element abundances are well
within the range of CM chondrites (figs. S16 and
S17). However, the Re-Os isotopic systematics in-
dicate minor, what was probably recent, open-
system behavior of these two elements, as seen in
other chondrites (27). SMplots in the field of CM
chondrites (28) on the diagramof e54Cr versusD17O
(fig. S20). Using 53Mn-53Cr chronometry (53Mn
decays to 53Cr with a half-life of 3.7 My), the data
place the accretion time of SM at 4566.57 T 0.66
million years ago (Ma) (fig. S19) (28).

SM contains CM lithologies (from CM2.0 to
2.1, Fig. 2B) with varying histories of aqueous al-
teration and thermal metamorphism. The abun-
dances of thermally labile elements, such as Se, Te,
Zn, Sn, and Tl (Fig. 3 and table S7), known to be
sensitive to open-system heating and volatilization,
indicate that most of SM avoided metamorphic (on
a million-year time scale) heating above 400° to
500°C (29). Like other CM chondrites, both lithol-
ogies of SM51 (Fig. 2B) and some of those in
SM2 contain abundant carbonate grains and com-
plete chondrule pseudomorphs embedded in a
phyllosilicate-rich matrix (Fig. 2, B and C). Sam-
ple SM2-5 contains clasts of incompletely al-
tered CM material, whose matrix consists largely of

submicrometer-sized olivine pseudomorphs after
phyllosilicates and troilite (Fig. 2D and fig. S14).
This and the complete lack of carbonates and
tochilinite indicate that this particular clast has
experienced thermal metamorphism to ~500°C;
all other metamorphosed CMs are finds (30).

Thermoluminescence (TL) measurements (31)
of SM2-1d (fig. S35) show heating to 300° T20°C
within the last 0.2My (fig. S36), and it has induced
TL similar to low-metamorphic-grade CO and CV
chondrites and unlike otherCMchondrites. Raman
spectra of macromolecular carbon (fig. S33) sug-
gest that SM2-9 experienced only 153° T 27°C,
whereas a sample of SM12experienced268°T42°C
on a million-year time scale [using the method in
(32)]. In a Raman G-band center–versus-width di-
agram (fig. S33), SM2-9 plots between CM2 and
CO3 chondrites, whereas SM12 trends closer to
polycrystalline C observed in CV3 chondrites.

There are various potential sources for the
observed heating. The fast entrywould have heated
the meteorite surface to >700°C for up to 1.5 s,
but it is unclear that this would offer enough time
to alter the meteorite deeper inside. At 0.47 AU
from the Sun, small tumbling asteroids warm up
to ~200°C, more at the surface, less inside. Alter-
natively, the recent heating could have been re-
lated to the impact that liberated the meteorite
from the asteroid surface ≥0.05 Ma. Annealing

above 300°Cmay also have occurred on the parent
body during the first 1My after accretion, the most
probable cause being the decay of live 26Al.

SM, like Kaidun, shows large variations in O
isotope compositions, reflecting the presence of
diverse types of lithologies in both regolith breccias
(Fig. 4). The aqueous alteration that produced car-
bonates and phyllosilicates caused variation in d18O
along an approximately fixedD17O (= d17O−0.52×
d18O) fractionation line (Fig. 4). This requireswater-
rock reaction involving flowing water as a result
of a temperature gradient (33). Individual SM frag-
ments plot at different positions along this line. The
carbonates exhibit a very large range in d18O value
[+13permil (‰) to+39‰]withD17O=−1.9T1.5‰
(fig. S21). A trend line regressed through the calcite
data, d17O = –4.88 + 0.62 × d18O, is nearly iden-
tical to that reported by (34) based on CM calcites.

SM has the lowest N/C ratio and d15N, as com-
pared to other CM2 chondrites (fig. S24), suggesting
that it contains different N-bearing organic compo-
nents. C and N isotopic compositions vary widely
between fragments, with d13C and d15N values rang-
ing between −13‰ and +28.5‰ and between
−0.6‰ and +16.7‰, respectively. Bimodality in C
release suggests two separate organic components,
a volatile-rich and a volatile-poor component, the
former being isotopically lighter and more cross-
linked. Added to these components is CO2 from

Fig. 2. (A) Slice of SM48 in visible light, showing light clasts in a dark matrix. (B) Combined elemental map
in Mg (red), Ca (green), and Al (blue) Ka x-rays of the sample SM51-1 composed of two extensively
aqueously altered CM2.0 and CM2.1 lithologies, with a sharp boundary (yellow dashed line). Both lithologies
contain complete chondrule pseudomorphs (chd) embedded in a phyllosilicate-rich matrix and abundant
carbonate grains (crb). In addition, the CM2.1 lithology contains rare olivine (ol) and pyroxene (px) grains of
incompletely hydrated chondrules, amoeboid olivine aggregates (AOAs), and Ca-Al–rich inclusions (CAIs).
(C) Backscattered electron (BSE) image of a chondrule pseudomorph (chd) composed mainly of phyl-
losilicates in SM51-1. The fine-grained rim around the chondrule is crosscut by veins of dolomite (dol),
indicating in situ aqueous alteration. (D) BSE image of a carbonate grain composed of closely intergrown
dolomite (dol) and calcite (cal) with inclusions of Fe,Ni-sulfide (sf) in SM51-1. The grain is rimmed by
phyllosilicates (phyl). (E) BSE image of a small chip from sample SM2-5 with (F) corresponding Ca-S
composite x-ray map (Ca, blue; S, green); all light spots in the map correspond to oldhamite (CaS; odh).
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the decomposition of carbonates. The maximum in
d13Cof +65‰ is likely to be from the decomposition
of calcite; d13C, however, may be underestimated
because of contamination by isotopically lighter
components. About 2% of the total C combusts
above 1000°C and reaches a d13C of +130‰. This
is a well-known feature of carbonaceous chon-
drites, producedby the combustion of 13C-enriched
(d13C ~ +1400‰) presolar silicon carbide grains
(35). Apparently, SM contains a significant abun-
dance of presolar grains.

Reactive compounds. The rapid pre-rain recov-
ery of SM offers a rare glimpse of what reactive
minerals and organic compounds may be present at
the surface of asteroids. Unseen in other CM chon-
drites, abundant CaS grains were found in SM2-4
(Fig. 2E). A powder Laue pattern of theseCaS grains
proved to index as oldhamite (fig. S16). Oldhamite
is quickly lost tomoisture. The oldhamite grains are
set within fine-grained comminuted matrix, contain-
ing also olivine, enstatite, Fe-Ni-Zn sulfides, Fe-Ni-
Cr phosphides, and grains of reducedC, suggesting

admixture of a reduced component, possibly xeno-
lithic enstatite chondritematerial. It is interesting that
the comminuted matrix of SM contains fragments
of such a rare meteorite type, rather than the far
more abundant ordinary chondrites, probably imply-
ing interactions between C- and E-type asteroids.

In comparison to SM2 (pre-rain), the SM12 sam-
ple (post-rain) shows strong alteration effects, dem-
onstrating rapid reaction between terrestrial water
and reactive S-bearing species. Fourier transform
ion cyclotron resonance mass spectra (FTICR-MS)
(36) of SM’s methanol soluble fraction showed
only hundreds of mass signals with comparative-
ly low intensity, high aliphaticity, and, different
from the thousands analyzed in other carbonaceous
chondrites, many highly oxygenated species and
polysulfur-rich compounds (fig. S31). Nuclearmag-
netic resonance (NMR) spectroscopy of the same
extracts showed abundant highly branched, singly
oxygenated aliphatics and a considerable diversity of
unsaturated compounds in an intensity ratio of near
40:6:1 (fig. S32).BothNMRandFTICR-MSsignals
confirmed convergence with structures recently ob-
served in rather highly thermally altered meteorites.

Water-soluble organic compounds and in-
organic salts can be formed,mobilized, and altered
by aqueous alteration and terrestrial weathering.
Ion chromatography (37) of ≤20 mg of water-
extracted pre-rain SM2 showed formate at 80 parts
permillion (ppm) and acetate at 700 ppm,whereas
post-rain interior SM12 had trace formate and
only ~100 ppm acetate. Detected inorganic anions
in SM2 were sulfate (1300 ppm) and chloride
(262 ppm), againwith only trace amounts present
in interior SM12. Murchison (presumably more
aqueously altered) has a 20 times higher soluble
sulfate abundance (26,000 ppm) (37) than SM2.
Sodium was the dominant cation (on a per-mole
basis) at ~1900 ppm in SM2, followed by calcium
(2080 ppm) and magnesium (117 ppm).

Water extracts of SM2 were analyzed by gas
chromatography mass spectrometry for ammonia
and amines; amino, hydroxyl, and dicarboxylic acids
(38); and, for amino acids, also by liquid chroma-
tography with fluorimetric detection and time-of-
flight mass spectrometry (39). The most abundant
water-soluble compounds detected by these meth-
ods included glycine, b-alanine, g-amino-n-butyric
acid, and, in some analyses only, e-amino-n-caproic
acid (table S21). The highest total amino acid
abundances were found in a fragment of SM12 at a
depth of 9 to 12 mm from the crust. Exterior por-
tions of SM2 and SM12 contained predominantly
contaminant L-amino acids, and both samples were
highly depleted in amino acids overall. The pH
values of SM water extracts ranged from 8.90 to
9.65, which are higher than for other CMs.

Dichloromethane/methanol (9:1 volume to vol-
ume) extracts also showed variably low amounts
of soluble hydrocarbon (fig. S34). SM2 contained
naphthalene,methylnaphthalenes, dimethylnaph-
thalenes, anthracene/phenanthrene, a series of lin-
ear 15-C to 22-C alkanes, and very little S, usually
abundant in comparable CM extracts (40). The
SM12 extracts were instead dominated by cyclic

Fig. 4. SM43 and SM51 extend the currently known CM field in the three O–isotope diagram. Data for
ordinary, enstatite, and carbonaceous chondrites and for Kaidun chondritic regolith breccia are from
(43–47). TFL, terrestrial fractionation line; CCAM, carbonaceous chondrite anhydrous mineral line (44);
Y&R, Young and Russell line (48). SMOW, standard mean ocean water.

Fig. 3. Average elemental composition of SM meteorite (table S7) compared to averages for CI (Ivuna type),
CM, and CV (Vigarano type) groups of carbonaceous chondrites. Data are normalized to CI andMg and plotted
against 50% condensation temperatures of the elements (41). Data sources: CI (41), CV (42), and CM (43).
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octatomic S, dimethyltrisulfide, and dimethyl-
tetrasulfide, the latter two for about a combined
1 mmole/g; the fragment contained in addition
only naphthalene at 2 to 8 nmol/g, plus methyl-
naphthalenes and biphenol in subnanomole amounts,
but no alkanes or anthracene/phenanthrene.

The SM meteorite demonstrates that the com-
plexity of C-class asteroid surfaces is greater than
previously assumed. Rapid terrestrial alteration
probably erases many vestiges of the internal and
external processes on the asteroid that remain to be
explored in spacecraft sample-return missions.
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of Alternative Splicing in
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How species with similar repertoires of protein-coding genes differ so markedly at the phenotypic level is
poorly understood. By comparing organ transcriptomes from vertebrate species spanning ~350 million
years of evolution, we observed significant differences in alternative splicing complexity between
vertebrate lineages, with the highest complexity in primates. Within 6 million years, the splicing profiles of
physiologically equivalent organs diverged such that they are more strongly related to the identity of a
species than they are to organ type. Most vertebrate species-specific splicing patterns are cis-directed.
However, a subset of pronounced splicing changes are predicted to remodel protein interactions involving
trans-acting regulators. These events likely further contributed to the diversification of splicing and other
transcriptomic changes that underlie phenotypic differences among vertebrate species.

Vertebrate species possess diverse phe-
notypic characteristics, yet they share
similar repertoires of coding genes (1).

Evolutionary changes in transcriptomes under-
lie structural and regulatory differences asso-
ciated with species-specific characteristics. For

example, species-dependent mRNA and non-
coding RNA (ncRNA) expression patterns have
been linked to mutational changes in cis- and
trans-acting regulatory factors, as well as to phe-
notypic differences (2–5). However, because
organ-dependent mRNA expression levels with-
in individual species have been largely con-
served during vertebrate evolution (6, 7), it seems
unlikely that changes in gene expression (GE)

1Banting and Best Department of Medical Research, Donnelly
Centre, University of Toronto, Toronto, Ontario M5S 3E1, Cana-
da. 2Instituto de Medicina Molecular, Faculdade de Medicina,
Universidade de Lisboa, 1649-028 Lisboa, Portugal. 3Department
of Electrical and Computer Engineering, University of Toronto,
Toronto, Ontario M5S 3G4, Canada. 4Department of Molec-
ular Genetics, University of Toronto, Toronto, Ontario M5S 1A8,
Canada. 5University of Cambridge, CRUK-Cambridge Institute,
Robinson Way, Cambridge CB2 0RE, UK. 6Department of Com-
puter Science, University of Toronto, Toronto, Ontario M5S
2E4, Canada. 7Hospital for Sick Children, Toronto, Ontario
M5G 1X8, Canada. 8Wellcome Trust Sanger Institute, Genome
Campus, Hinxton, Cambridge CB10 1SA, UK.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
b.blencowe@utoronto.ca

www.sciencemag.org SCIENCE VOL 338 21 DECEMBER 2012 1587

RESEARCH ARTICLES
on July 15, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


Breccia
Radar-Enabled Recovery of the Sutter's Mill Meteorite, a Carbonaceous Chondrite Regolith
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are more complex than previously assumed.
the fragments suggests that the surfaces of C-class asteroids, the presumed parent bodies of carbonaceous chondrites, 
contain clues to the origin and evolution of primitive materials in the solar system. The unexpected and complex nature of
Sutter's Mill meteorite represents a new type of carbonaceous chondrite, a rare and primitive class of meteorites that 
facilitate the rapid recovery of meteorite fragments. A comprehensive analysis of some of these fragments shows that the
1583) used a combination of photographic and video images of the fireball coupled with Doppler weather radar images to 

 (p.et al.Jenniskens In April 2012, a meteor was witnessed over the Sierra Nevada Mountains in California. 
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